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The Plasma Interaction Experiments I and. II (PIX Land IT) were designed 
as first steps toward understanding interactions between high-voltage solar- 
arrays and the surrounding plasma. PIX II consisted of an approximately 
2000-cm^ array divided Into four equal segments. Each of the segments could 
be biased Independently and the current measured separately. PIX II was tested 
In the laboratory and in space. 

PIX II was launched on January 25, 1983, Into a nearly circular polar 
orbit and attained an altitude of approximately 900 km. It wa* launched as a 
piggyback experiment on the IRAS spacecraft launch. It remained with the Delta 
rocket second stage and used the Delta's telemetry system. Approximately 18 
hr of data were- received: thls-was the life of the Delta's telemetry battery. 

In addition to the solar array segments, PIX II had a hot-wire-filament 
electron emitter and a spherical Langmuir probe. The emitter was operated when 
the array segments, were biased positively above 125 V. Thermal electrons, from 
the emitter aided In balancing the electron currents collected by the- array. 

lhls paper presents laboratory and flight results of PIX II. At high 
positive voltages on the solar array segments, the flight currents were approx- 
imately an order of magnitude larger than the ground test currents. This Is 
attributed to the tank walls In the laboratory Interfering with the electron 
currents to the array segments. From previous tests It Is known that the tank 
walls limit the electron currents at high voltages. This was the first verifi- 
cation of the extent of the laboratory "tank effect" on the plasma coupling 
current. 


INTRODUCTION 

The Plasma Interaction Experiments (PIX I and II) are part of a broad 
Investigation by the Lewis Research Center to develop design guidelines, mate- 
rials, devices, and test methods for controlling detrimental Interactions 
between high-voltage systems and the space environment. Systems of Interest 
Include solar arrays, power systems, conductors and Insulators, and other 
exposed components. Surface-plasma Interactions Include current drains, charge 
buildup on Insulators, and discharges to or through the space plasma. 

Future satellites. Including space stations, will require operating power 
from tens of kilowatts to megawatts. In the near future most. If not all, of 
this power will be generated by arrays of solar cells. To keep the weight of 
the power distribution and conditioning components to a minimum, the arrays 


333 


® pefa J e at mueh higher voltages than the 100 V or less of present 
arrays. Previous Investigations- (refs. 1- to 7) have shown that solar arravs 

a^lasmaStk^that !f e J!S er i than 150 V posUlve and operating^ 

a plasma like that of the lower Ionosphere attract large currents of electron? 

from the plasma environment. That is, the electron ^^rreSts aJ^eXhaSced It 

these voltages. These electron currents are balanced bj Ion JJfrJStt 5ttracted_ 

to other portions -of the spacecraft that are negative with resist to sn^e 

rJl»Jc t,a i* T!,us ,®' rcu1ts - are created through the plasma for parasitic cur- 

«« ^s«r B 5«r e ,o P » r «) t1C CUrr * ntS ar * , "- pan " ,e ' “'tb the load errant. 

arr a ,? n tlr|r^^?^ s °Sr?^ n f^^r2f? e i;j;a^; 9 :?Vn2*„2iSi:ri??S 

to space plasma potential. This Is caused by the dlf”ren?“ ^the elecl™ 

Si pn^^'io^u^inir^rJhr^s^s trru«Mrs:* 

a,es 'the' ^rlS'^ll^lSi’a^'t^fre'in? Zl\ e \ 
problem. However, there are other adverse effects. On laboratory test arravs* 1 

hMe e bem^b2««d"”7lx h i P («r°n mat hl y h' 25 ° T “ ,owoff a, ' c ’" 9 «w"arpes 

fhAf hAfh fho - ^ ) » which was launched in March 197a, verified 

Mas occur*ln ???!!?* e ?5f ce " en * for pos1t,ve b '« p nd the arclep foJ ^at!« 

Pl«ma 5SteJ«MjJ h exp,;?lSt (l» ?!?" results fr0 " tba «'»"<■ 

nl ™ e ®^ ect1ve of the PIX II flight experiment was to obtain flight data on 

?20nn a rm25 thl a I!! ay 1frt ®{ act1on Phenomena by using a much larger solar array 
(2000 cm*) than the one flown, on PU l (100 cm*). These interaction? L £ 

plasma coupling currents and negative bias arcing. The data obtained can aUn 

Identic. i°. Ca ^ 1Pl * ate 9 I oun ? test '“">»«• The expert coJsuted of 
Identical array segments of about 500 cm* each. Various combination? nf thece 

Wet K b1ased over a ran 9 e of voltages from -1 to 1 kV. A spherical 
Langmuir probe was used to measure local plasma densities As exDected a 
range of densities was encountered during each orbit An'emltte? was acHuatpd 
at h gh positive voltages to prevent the whole sjacecraf? bllS dJlIil 

Thn ^iaII e ? at1Ve by the ] ar9e electron currents collected at such voltages, 
array* were voltage biased In a preprogrammed step sequence. 

m«..nJ5 e PIX IJ ! 11ght P acl < a 9e consisted of the 2000-cm* solar arrav oanoi 

^•w^tW a i« iiXte^^ ^oi- -rS " ,r; 


EXPERIMENT AND PROCEDURE 

oln , Ttie experimental setup Is shown In figure 1 . For positive bla? earn 

rlw iS-S°^!!?!7 e Z r ?£ r (rM !°' 7 10 ’“' 2 A: for ne9at1,e b1i,s the 

,l m » “I ** programmed fo? “tpM^lugesTo " 6 ?“^ “111? "* 
ment was always measured Individually. reni to eacn seg- 
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The PIX II telemetry Systems operated in real time. However, full real- 
time telemetry ground coverage was not possible with the limited number of 
ground receiving stations available. So PIX U was given the capability of 
s-toring data for 68 min. After 66 min from PIX II turnon, the old data were 
overwritten continuously at a rate of 64 bits/sec. The stored daia were also 
read continuously at a rate of 512 bits/sec. Both the_stored and the real-time 
data were transmitted continuously. Wtth this system, almost full orbit cover= 
age of PIX Ii data was possible. As a precaution against a failure of the 
data Storage unit,, the sequence was preprogrammed to sweep each of the solar 
array segments at least once positive and once negative in view of a ground 
telemetry-receiving station. 


The emitter was a loop of 0.025-cm-dlameter tungsten wire connected at one 
end to spacecraft ground. It was activated for positively biased solar array 
voltages greater than 125 V. To see the effect of the emitter on the results 
some voltage cycles were operated with the emitter off. The emitter was mount- 
ed such that, when deployed, it extended 71 cm on a boom fastened along an 
edge and perpendicular to the face of the electronics enclosure box (fig 2) 

The emitter operated with no accelerating grid as a passive thermonlc emitter 
of electrons. The positive potential of the plasma relative to the spacecraft 
served to draw the electrons from the spacecraft. 

The Langmuir probe was used to determine ambient plasma densities.- The 
probe, a 1 .9-cm-diameter aluminum sphere, was deployed on a 71-cm boom. It 
was mounted on an edge of the enclosure box such that when deployed It was 
tangent to the Oelta (fig. 2). (The emitter extended radially outward from the 
Oelta from an edge of the enclosure box far from the Langmuir probe.) During 
a Langmuir scan the probe's voltage was stepped from -20 to 110 V. The voltage 
was s-tepped in 5-V Increments from -20 to 20 V and In 1 0— V Increments from 20 
to 110 V. When not being scanned, the Langmuir probe was held at 50 V and Its 
collection current monitored. 


GROUND TESTS 

The complete flight package was ground tested In a plasma environment 
before the flight (fig. 3). The tests were performed In a 9-m-long by 4-m- 
diameter vacuum chamber. The solar panel and the electronics enclosure box 
were mounted back to back In the center of the Chamber perpendicular to Its 
centerline. The solar panel faced opposite to the deployed emitter probe. 
The plasma was generated by four plasma sources: two mounted at least 2.5 m 
from the solar array and two mounted at least 2.3 m from the electronics 
enclosure box. 


RESULTS AND DISCUSSION 

All activities on PIX II. were preprogrammed to occur at particular program 
counts In a sequence. Each program count was held for 16 sec. The program 
count timer was activated at PIX II turnon. After program count 2047 (9 hr, 

5 min, 52 sec) the sequence returned or "rolled over" to program count 0 and 
the sequence was repeated. Data were obtained on PIX II until program count 
240 after the second rollover. There were some gaps In the data after the 
first rollover because of less ground coverage than earlier orbit passes. 
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Langmuir Probe 

Typical Larrgmul r probe current-voltage curves are showr In figure 4 The 
program counts shown on the figure are for the beginning of each sweep. Each 
voltage seep between 20 and 50 V was held for 4 sec, the 60-V- level was held- 
for 1 sec, and all others were held for 2 sec each- The maximum current the 

w?/™ !!? t S°£ ter coul ? m £ asure was 1x10 ^ This Hmlt caused the 
leveling off of -the current shown for program count 1343 In figure *. 

The electron plasma densities were determined from the electron saturation 
^??h 0n if tbe K UrvC oi f ^' 5 ' ' As expected, the current varied quite linearly 
sweeps ta9C 3b0Ve 30 V ‘ ThU behav1orL - was tyP^al of a’1 of the Langmuir 

the eiLJ?on15r?he 0 wr?nr(;ef th 8) S f5 er ' Cal Un,rau,r pr<,bB chilrac ‘ <>rUt ' c ' 


I = neA 


(4 /2 (’ ‘ s) 


(i) 


v . 1s * he voltage measured with respect to the plasma potential, e the 
fhf C £ r ° n ^ C £ harge * ^ B °ltzmanns's constant, m the mass of the electron, T 
the temperature, and A the area of the probe. Taking the derivative with 
respect to voltage allows the density to be written In terms of the slope as 


( 2mnkT > 

.2 
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dl 
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Pi£ d tT 1S J he s1ope : J h ® e1ectron saturation region data for each scan 
11 f r0b ! W ![ e plotted as 1n n 9 ure 5 and the slopes determined 
g apnlcaliy. Twenty-three Langmuir scans were made during the life of PIX II. 

tb ? dens J ty at t1mds when the Langmuir probe was not being scan- 
"® d ; f tb ® Lan9mu1r probe current at a voltage of 50 V and the density at program 

7 ? f W ®n e u USed 4 a ! !: eferences - It was assumed that the Langmuir probe ‘ 
current at 50 V varied In proportion to the density. The density at any pro- 
gram count was found from y dny prc 


n = I (n/I) 


PC878; 50V 


tlviiv ° thC d *? s1ty and Langmuir probe current at 50 V, respec- 

In 4 Sl ^ 9 edition, care was exercised that the spacecraft ground 
voltage remained constant. This was achieved by limiting the use of this 

less JEUn P !; 09r ?? C ° Un < tS i? h ?K e . the app1Vsd voltage to the solar array was 

the currents tageJ 1" thU ran9e were 1ow enou 9h that 

tne currents collected by all of the exposed grounded metallic surfaces on the 

b ®J* a * 0, { « be e ” ou 9^ to balance the currents collected by the solar array 

without driving the Delta's ground potential negative. This method was used 

herelJ 1mate ^ amb1ent p,asma dens1t1es for the flight results presented d 
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. p ]? sma „ den f 1 ^ i varied as much as two orders of magnitude during an orbit 
(fig, 6). Revolution 8 (fig. 6(b)) had the most uniform density. Even here 
the variation was more than aa order of magnitude. Although large variations 
over the Holes were expected, the density elsewhere was expected to be more 
uniform. Some of the oonunlformlty was caused by the Langmuir probe being In 
the ram or wake of the Delta, as shown In reference 9. 


Emitter Operation 

The emitter was operated for positive biases of 125 V and higher on the 
solar array segments. Since there were no accelerating grids on the emitter 
It emitted electrons only when the spacecraft ground potential became negative 
with respect to plasma potential. 

ihe emitter operation was first tested In the laboratory. The PIX II 
flight package was mounted so as to float electrically In the vacuum chamber. 

As In flight the PIX II was operated in a plasma environment. The emitter-on 
currents (fig. 7(a)) were approximately an order of magnitude larger than those 
for emitter-off operation. The results shown *or the emitter-on operations 
compare very closely to those obtained when the PIX II structure was grounded 
to the tank walls. From this It was concluded that the emitter kept the PIX II 
flight package near tank ground potential. 

In flight (fig. 7(b)) the emltter-On current was approximately five to 
six times larger than the emitter-off current. This difference is smaller 
than that observed In laboratory tests, in flight the solar array segments 
were operated at different times In different locations. Thus the smaller 
effect observed In flight as compared with ground tests may have been caused 
by the difference In the densities during operation of the segments. 

The Langmuir probe current was very sensitive to emitter operation both 
In the laboratory and In flight (fig. 8). The voltage on the Langmuir probe 
was 50 V. With the emitter off, the Langmuir probe collected ions with a bias 
of 200 V or greater on the solar array In the laboratory tests and 350 V or 
greater In flight. This Implies that the spacecraft floated at least 59 V 
negative In this voltage range. Even with the emitter on, the Langmuir probe 
dropped about an order of magnitude when the voltage on the array was Increased 
to 1000 V. * 

For the emitter to operate properly, the spacecraft must float negatively 
with respect to plasma ground. The floating potential (fig. 9) was found from 
the following procedure: 

(1) The Langmuir probe current- voltage characteristic curve was deter- 
mined with the solar array segments at zero voltage. 

(2) The corresponding voltage was found by using the Langmuir probe 
current reading when the solar array Segments were at the applied voltage and 
the Langmuir probe current-voltage characteristic curve from step 1. 

(3) This voltage minus 50 V was assumed to be the floating potential. 


337 


The floating potential Vs a function of the ambient density and the 
applied voltage to the solar- array segments. Since each set of segments wa-s 
operated In different parts of the flight, each had a different density envi- 
ronment. The sets of segments therefore could not be compared directly. How- 
ever, the trend Is obvious from figure 9, namely, higher positive solar array 
voltages produce higher negative floating potentials on the spacecraft. Ln 
general, the floating potential— Increased almost linearly with applied solar 
array voltage after snapovert 


Solar Array Positively Biased 

Since the laboratory and flight plasmas for solar array segments posi- 
tively biased to 1000 V had different densities and temperatures, corrections 
were made to the flight results for direct comparison with the laboratory 
results (fig. 10). If we assume that the currents to the solar array segments 
vary linearly with V, eV/kT- » 1, and If Iq. Tq, and ng are known current, 
electron temperature, and density, respectively, at one plasma condition, the 
current I at any other temperature T and density n can be found by using 
the spherical probe equation (1). 



Equation (4) was used to compute the flight values In figure 10 by using the 
laboratory values of kT * V.8 eV, n * 3.4xl0 3 cm- 3 , and flight values of_ 
no = 3.0xl0 3 't/kT for solar array segments 2 and 3 and ng = 5.5xl0 3 ykTg 
for solar array segments 1 to 4. The ng is the flight result determined from 
the Langmuir probe readings. So the two flight curves In flgureJO are the 
values the flight data would have had If the flight ratio n/ykT had had Its 
laboratory value. 

In figure 10 It appears that the laboratory currents are truncated above 
200 V. This Is caused by the tank wall Interfering with the current collec- 
tion. The calculated sheath at a voltage of 200 V at these plasma conditions 
extends approximately 1.6 m from the solar array. This Is beyond the tank 
wall. Thus this verifies the hypothesis that sheath-wall Interactions occur 
during laboratory tests at high voltages and limit the current collection. 

The flight data for solar array segments 2 and 3 (fig. 10) show that 
current Increased, slightly less than linearly with voltage for voltages greater 
than approximately 350 V. This was as expected since for an Inf Ini*, flat 
plate the current would be a constant and for a plane small compared with the 
Debye length It would vary linearly. This array was between these sizes. The 
current for all four segments varied even more slowly. This Is also In agree- 
ment with rough expectations.- — 

Another set of curves for the total current collected by one, two, and 
four array segments (fig. 11) also shows that the current Increased almost 
linearly with voltage above about 350 V. It Is tempting to compute an area 
effect from this **gure. However, It Is not known whether the array was In 
the ram, the wake, or neither when each of these sets of array segments was 
activated. Also It Is not known whether the ambient densities were the same 


(luring these times, 
ah orbit ( f 1^. 6). 
effect. 


ThiL d ? ns i ty can vary by over two orders, of magnitude over 
These tacts prevent a definite determination of the area 
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sbeath with the walls of the vacuum chamber. Suppressloruln the around test 
currents was observed for all of the solar array segments whether run singly 
or In combii atlons. This Implies that only relatively small solar arrays can 
be completely plasma tested In-present groun d facili ties . 


For negative bias on the solar array segments* arcing occurred. In both 
ground and flight tests cbe current sometimes Increased from microamperes to 
mllltamperes and higher during arcing. In flight, arcing .was observed for 
voltages as low as -255 V-. The arcing inception voltages tended to increase 
negatively with time. There were fewer arcs observed at -500 V and lower near 
the end of PIX II life than In the beginning. This suggests that precondition* 
Ing high-voltage solar arrays by operating them at high negative voltages In a 
plasma-environment on the ground may help to drive the arc Inception voltage In 
flight more negative. 

The emitter was a passive hot-wire filament and was activated for positive 
biases on the solar arrays of 125 V or greater during part of the experiment 
sequence. This was necessary since the second stage of the Delta had very 
little exposed bare metal surface to collect Ions for balancing the electrons 
collected by the array. The largest negative potential observed on P.IX II 
with the emitter operating was approximately -50 V, as compared with voltages, 
greater than -200 V without the emitter. Thus the emitter was able to keep 
the spacecraft within reasonable proximity of the space plasma ground. 


CONCLUSIONS 

Four 500-cm 2 solar array panel segments were biased positively and nega- 
tively In steps to +1000 V on a spacecraft In a polar orbit at an altitude of 
approximately 900 km. Various combinations of the four array segments were 
activated during the flight. At each voltage level the current collected by 
each solar array segment was measured. When the array was biased positively to 
125 V or higher, an electron emitter was activated to aid In keeping the space- 
craft near plasma potential. A spherical Langmuir probe was used to determine 
the plasma density throughout the flight. 

The following conclusions were drawn from the data for positive bias on 
the array segments: 

1. Even the large laboratory plasma simulation facilities at Lewis are 
too small to correctly estimate the plasma coupling current at-hlgh positive 
voltages to solar arrays that are 2000 cm 2 or larger in area, 

2. If the negative terminal of a spacecraft array Is connected to space- 
craft ground, the spacecraft will float far negatively with respect to space 
plasma potential If large bare metallic areas are not provided for lort current 
collection, which Is necessary to balance the electron current collected by 
the solar array. 

3. The plasma coupling current may vary over an order of magnitude 
between ram and wake conditions. 
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The following conclusions were drawn for negative bias on the array 
segments: 

U Arcing Is the most serious detrimental etfect, 

2. The arcing Inception voltage jaay be as low as -255 V on convention- 
ally constructed solar arrays. 

3. Arc1ng_may occur at densities as low as 10 3 electrons/cm 3 . 


TABU I, - PIX II ARCING INCIDENCE RESULTS FOR NEGATIVE BIAS 


[Arcing occurred at >350 V with densities of 10 3 /cm 3 . Arcing Inception 
voltage tended to Increase with tlme.l. 


Array segments 
active 

Applied voltage for arc 
Initiation, V 

Number 

of 

dr« a 

Total 

-255 

-350 

-500 

-700 

-100C 

i 

— 

2 

2 

5 

b 

1 

16 

2 

— 

1 

3 

5 

5 

5 

19 

*•* 

— 

1 

3 

3 

5 

3 

15 

i J • J 

— 


9 

s 

4 



18 

1,2.3 

— 

1 

4 

6 

3 

1 

15 

1.2. 3, 4 

1 

1 

6 

6 

7 

2 

23 

Total observations 

1 

6 

21 

30 

30 

12 

106 

j Incidence, percent of total 

0.9 

5.7 

25.5 

28.3 

28.3 

11.3 


Cumulative Incidence, percent 

0.9 

6.6 

32.1 

60.4 

88.7 

100 

--- 


Combined total of arcs Initiated after being at voltage level a few 
seconds plus arcs that occurred on first reaching this level front the 
previous nonarcing one. 
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Figure lk - Typical flight total current to combination ot solar arraj 
segments as function of applied voltage. Emitter on. 



